The New Jersey Pine Barrens (NJPB) is the largest forested area along the northeastern coast of the United States. The NJPB are dominated by pine (Pinus spp.) and oak (Quercus spp.) stands that are fragmented and subject to frequent disturbance and forest management. Over long time periods (>50 years), the balance between oak and pine dominance is determined by fire frequency. As a consequence, the ability of the NJPB to sequester carbon may be contingent upon management activities as well as patterns of historic land use. We simulated 100 years of carbon change using three scenarios: (1) contemporary management as reflected in the recent (1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006) fire records, (2) an increase in the fire ignitions within the wildland urban interface areas of the NJPB reflecting increased prescribed fires, and (3) a longer response time to wildfires, reflecting a more liberal burning policy by the New Jersey Forest Fire Service. We used the LANDIS-II model coupled with CENTURY and the Dynamic Fire and Dynamic Biomass Fuels extensions to estimate forest carbon sequestration based on these three scenarios. Calibration and validation via comparison to monthly flux tower data indicated that the model reasonably captured the timing and magnitude of net ecosystem exchange in the absence of Gypsy moth defoliation (r 2 = 0.89). Under all scenarios, our simulations suggest that forests of the NJPB will continue to accumulate carbon over the next 100 years under current climatic conditions. Although aboveground net primary productivity, live carbon, and detrital carbon were roughly constant or increased only modestly, soil organic carbon continued to increase through time for all forest types except the highly xeric pine plains. Our simulated changes in management reflected only minor alterations to the fire regime and thus management may have only minor effects on total forest carbon budgets in the immediate future particularly when compared to recovery from historic disturbance patterns.
ABSTRACT
The New Jersey Pine Barrens (NJPB) is the largest forested area along the northeastern coast of the United States. The NJPB are dominated by pine (Pinus spp.) and oak (Quercus spp.) stands that are fragmented and subject to frequent disturbance and forest management. Over long time periods (>50 years), the balance between oak and pine dominance is determined by fire frequency. As a consequence, the ability of the NJPB to sequester carbon may be contingent upon management activities as well as patterns of historic land use. We simulated 100 years of carbon change using three scenarios: (1) contemporary management as reflected in the recent (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) fire records, (2) an increase in the fire ignitions within the wildland urban interface areas of the NJPB reflecting increased prescribed fires, and (3) a longer response time to wildfires, reflecting a more liberal burning policy by the New Jersey Forest Fire Service. We used the LANDIS-II model coupled with CENTURY and the Dynamic Fire and Dynamic Biomass Fuels extensions to estimate forest carbon sequestration based on these three scenarios. Calibration and validation via comparison to monthly flux tower data indicated that the model reasonably captured the timing and magnitude of net ecosystem exchange in the absence of Gypsy moth defoliation (r 2 = 0.89). Under all scenarios, our simulations suggest that forests of the NJPB will continue to accumulate carbon over the next 100 years under current climatic conditions. Although aboveground net primary productivity, live carbon, and detrital carbon were roughly constant or increased only modestly, soil organic carbon continued to increase through time for all forest types except the highly xeric pine plains. Our simulated changes in management reflected only minor alterations to the fire regime and thus management may have only minor effects on total forest carbon budgets in the immediate future particularly when compared to recovery from historic disturbance patterns.
INTRODUCTION
New Jersey passed the Global Warming Response Act in 2007, and since then the state has been developing a plan to reduce greenhouse gas emissions by maintaining or increasing the amount of carbon sequestered in terrestrial ecosystems, primarily forests. Accounting for natural disturbances which result in greenhouse gas emissions is a necessary component of any plan to manage terrestrial carbon sequestration in forests. However, accurate determination of the effects of such disturbances on carbon sequestration is difficult, given the complexity of interactions between natural disturbances (for example, wildfires, insect defoliation, wind damage) and climatic driving variables. Previous research has highlighted how standreplacing disturbances can have much larger effects on long-term carbon storage and fluxes than interannual variability in climate (for example, Thornton and others 2002; Amiro and others 2010) . For example, Campbell and others (2007) showed that the emissions from large wildfires can significantly affect regional carbon balance in a given year. Transient, less-severe disturbances can also have substantial effects on the carbon dynamics of forest stands (Goward and others 2008; Lindroth and others 2009 ). Clark and others (2010b) found that Gypsy moth (Lymantria dispar L.) defoliation of approximately 20% of upland forest stands in southern New Jersey resulted in a 41% reduction in annual net ecosystem exchange of CO 2 (NEE yr ) at the landscape scale, with a 55% reduction in NEE yr estimated if only oak-dominated stands were considered.
The New Jersey Pine Barrens (NJPB) in southern New Jersey is comprised of upland pine, pine-oak, and oak forest interspersed with wetlands dominated by hardwoods and conifers (Skowronski and others 2007; Scheller and others 2008) . Pre-colonial vegetation in other Atlantic Coastal Plain Pine Barrens systems were more oak-dominated (Kurczewski and Boyle 2000; Cogbill and others 2002) , suggesting longer (>50 years) fire rotation periods in these systems (Scheller and others 2008) . During the post-colonial period, the NJPB experienced large wildfires due to logging and slash buildup and an increase in human-caused ignitions (Wacker 1979) . The incidence of large wildfires has been reduced since the 1940s due to fire suppression with better equipment (Forman and Boerner 1981) . From 1991 to 2006, the NJPB experienced an average of 934 wildfires per year (I. La Puma, unpublished data). Although fires in the NJPB tend to be small due to aggressive fire suppression activities, meteorological and fuel conditions occasionally result in fires greater than 4000 ha, and sometimes much larger (Forman and Boerner 1981) .
Given the extensive amount of wildland urban interface (WUI) surrounding the nearly continuous forests in the Pinelands National Reserve, major wildfires continue to be a major point of concern in the state. For instance, a 6880 ha wildfire in May of 2007 resulted in the evacuation of about 2000 people, closure of major transportation corridors, and destroyed or damaged more than 60 structures. Fuel treatments have been suggested as a way to simultaneously lower fire risk and increase carbon storage in forests by releasing the growth potential of remaining trees and lowering the risk of catastrophic wildfire which releases large amounts of carbon to the atmosphere (Campbell and others 2007) . Recent studies, however, have cast doubt on the potential for fuel reduction treatments to accelerate carbon storage in forests. For example, Mitchell and others (2009) showed that although fuel reduction treatments reduced fire severity, the carbon removed during fuel treatments exceeded those that might have occurred in a wildfire. However, Hurteau and North (2009) demonstrated a reduction in fire severity and carbon emissions in areas that were thinned prior to a wildfire.
For a prior modeling study of the NJPB (Scheller and others 2008), we constructed model scenarios that recreated the pre-colonial contiguous landscape with an estimated pre-colonial fire regime and scenarios of the contemporary landscape with current and potential fire management. Our simulations indicated that the contemporary landscape has shifted from a pine-dominated to an oakdominated state relative to the pre-colonial landscape. However, within areas currently managed with prescribed burning, a doubling of the mean annual area burned potentially caused a gradual reversion to pre-colonial conditions, although oaks will continue to retain a higher dominance than during the pre-colonial period (Scheller and others 2008) .
The objective of this study was to estimate the current trajectory of total carbon sequestration-including forest soil carbon-based on current management in the NJPB. We also simulated the effects of two potential fuels management scenarios. First, we simulated the effects of an increase in the use of prescribed fire in extensive WUI areas of the NJPB. Second, we simulated a longer response time to fires, as an indicator of either a more liberal ''wildland fire use'' policy or a reduction in staffing within the state and federal wildland fire agencies. The study described herein is the first stage of a larger project that will also examine the effects of climate change and insect defoliation on carbon cycling in the NJPB.
METHODS

Study Area
The NJPB encompass pine, oak and wetland forests covering much of southern New Jersey (Figure 1 ). The climate is cool temperate, with mean monthly temperatures of 0.3 and 23.8°C in January and June, respectively (1930 NJ State Climatologist) . Mean annual precipitation is 1123 ± 182 mm. The terrain consists of plains, low-angle slopes and wetlands, with a maximum elevation of 62.5 m. Soils are derived from the Cohansey and Kirkwood Formations (Lakewood and Sassafras soil series), and are coarse-textured, sandy, acidic, and have low cation exchange capacity and nutrient status (Rhodehamel 1979; Tedrow 1986) . Despite the widespread occurrence of sandy, well-drained, nutrient-poor soils, upland forests are moderately productive and fuels can accumulate rapidly (Pan and others 2006; Wright and others 2007; Clark and others 2009a) .
Upland forests comprise 62% of forested lands of the NJPB, and are dominated by pitch pine (Pinus rigida Mill.) shortleaf pine (P. echinata Mill.), and numerous oaks (Quercus spp.) (Lathrop and Kaplan 2004) . The uplands are often divided into three major communities: oak-dominated forests with scattered pines (Oak-pine), pine-dominated forests with oaks in the overstory (Pine-oak), and pitch pine-dominated forests with scrub oaks and shrubs in the understory (Pine-scrub oak; (McCormick and Jones 1973; Lathrop and Kaplan 2004) . In addition, a number of areas are dominated by dwarf or pygmy pine-oak barrens characterized by pitch pine and various oaks of a diminutive stature. All upland forests have moderate to dense shrub cover in the understory, primarily Vaccinium spp., Galussacia spp., Kalmia spp., and Quercus spp. Sedges, mosses, and lichens are also present. Many of the dominant species are highly adapted to fire and readily resprout (Boerner 1981) . Interlaced through the area are numerous rivers and streams; associated lowland forests are dominated by Atlantic white cedar (Chamaecyparis thyoides), red maple (Acer rubrum), swamp tupelo (Nyssa sylvatica), pitch pine, shortleaf pine, and mesic adapted oaks (mostly Q. alba L.).
Model Description
We evaluated changes in carbon and net ecosystem exchange (NEE) of carbon dioxide using the LAN-DIS-II forest succession and disturbance model others 2007, 2010) (Figure 2 ). LAN-DIS-II represents the landscape as a grid of interconnected cells, whereupon succession occurs; disturbances typically span many cells and are dependent upon the spatial context and configu- Carbon Sequestration in the NJ Pine Barrens ration of the landscape. LANDIS-II requires species life history traits for each tree species (Table 1 ; data from Scheller and others 2008 and this study). Trees and shrubs are binned into cohorts that are defined by species and age.
LANDIS-II is a flexible modeling framework that allows a variety of alternative representations of succession and disturbance to be deployed. We used the Century succession extension (Scheller and others 2011) to simulate soil respiration and the establishment, growth, and mortality of species-age cohorts (Figure 2 ). The Century succession extension to LANDIS-II is derived principally from the CENTURY soil model others 1983, 1993; Schimel and others 1994; Throop and others 2004) . Within CENTURY, soils are divided into fast, slow, and passive soil organic matter (SOM) pools. Total soil respiration is dependent upon climate, edaphic properties (for example, percent sand and clay, field capacity, wilting point), and the structural and chemical properties of litter inputs (for example, percent lignin and C:N ratios of leaves, aboveground wood, fine roots, and coarse roots). Growth rates for tree species cohorts generally follow the CENTURY logic and are determined by temperature, available water, available nitrogen; an overall maximum capacity for aboveground biomass helps regulate competition among species and cohorts. The Century succession extension operates at a monthly time step although simulated disturbances operate at an annual time step. Due to the temporal discontinuity, disturbances were simulated to occur at the end of July (Scheller and others 2011) . Because the Century succession extension calculates aboveground and below ground net primary production (ANPP and BNPP, respectively) and heterotrophic respiration, NEE can be estimated at a monthly time step. Within the Century succession extension, the probability of establishment is fully incorporated such that changes in climate are reflected in both growth rates and reproduction.
In conjunction with the Century succession extension, we also used the Dynamic Fire and Dynamic Biomass Fuels extensions (Sturtevant and others 2009) (Figure 2 ). The Dynamic Fire extension combines information about each fuel type (including typical ignition rates, crown to base height, and spread rate under variable weather conditions) with climate and topographic information to determine the probability of ignition and spread (Sturtevant and others 2009) . The Dynamic Biomass Fuels extension assigns a fuel type to each forested cell within the landscape dependent upon the biomass of the extant tree species (details below).
Model Parameterization and Calibration
We stratified the landscape into seven land types (or 'ecoregions') within which climate and soils were assumed to be homogeneous ( Figure 3 ). The land types were developed by separating the study area into upland and lowland sites based on a current land-cover map (Lathrop and Kaplan 2004) and then further clustering these broad landforms into three classes of soil water holding capacity based on the NRCS SSURGO dataset (NRCS 2011) resulting in six land types. We then added an additional land type representing the dwarf pine barrens areas, based on forest mapping described in Givnish (1981) . Non-forested areas (including urban, agriculture, and non-forested uplands and wetlands) were inactive in all simulations although they generate landscape fragmentation and fire breaks (Scheller and others 2008) . Climate data were not used in the designation of land types given the flat nature of the topography and the lack of substantial temperature and precipitation gradients in the study area.
We selected 14 dominant tree species to represent the forests of the study area. Using forest inventory data (Hansen and others 1992; Service 2007) , we identified the 10 tree species that represented over 90% of the trees in the inventory data within our study area. In addition, four species were selected that represent important components of succession dynamics or were a critical part of the fuel bed in some forest types (Scheller and others 2008;  Table 1 ). The initial communities map and database for the simulations were derived from the US Forest Service Forest Inventory and Analysis (FIA; http:// fia.fs.fed.us/) data and a 30 m pixel size land-cover map developed for the state of New Jersey (Lathrop and Kaplan 2004) . For each FIA plot, we calculated the age of each tree based on DBH to age relationships developed for the entire dataset. We then generated age cohorts to represent the initial communities on the landscape by identifying the unique species-age combinations for each FIA plot. Next, we transformed the land-cover map to generate a map with unique polygons, each associated with a forest type. Then, for each polygon, we randomly assigned the attributes of an FIA plot from the pool of plots associated with that forest type, resulting in a dataset of initial conditions with a single set of age cohorts for each polygon for the initial community map.
Century Succession Extension
Successional dynamics and individual tree species responses to disturbance were previously evaluated for the NJPB (Scheller and others 2008) . For the current study and objectives, we focused on the calibration and validation of aboveground net primary productivity (ANPP) and NEE, two ecosystem carbon fluxes that are critical to understanding carbon cycling across the landscape over time. Within the NJPB, three flux towers have been recording NEE since 2005 (Clark and others 2010b; data available at http://public.ornl.gov/ameriflux/; Figure 1 ). We calibrated modeled monthly NEE against observed NEE at an Oak-pine stand at the Silas Little Experimental Forest, and then evaluated model predictions by comparison to flux data collected at the Pine-oak and Pine-scrub oak stands. Each flux tower comparison was conducted by simulating a single cell in the absence of disturbance using tree species data collected around each flux tower to represent initial conditions. Monthly meteorological data collected at each flux tower were input into the model for the calibrations. Soils data collected at each flux tower (Table 2) were input for each calibration simulation. Calibration required adjustment of the species temperature parameters to represent the phenology of ANPP (see Scheller and others 2011) . Calibration also required adjustment of the relationship between N Figure 3 . Delineation of land types (A) and fire regions (B). Land types were derived from a land cover map (Lathrop and Kaplan 2004) and three classes of soil water holding capacity based on the NRCS SSURGO dataset. Fire regions were generated from classified maps of ignition density and fire size density interpolations using ignition point locations and a fire size attribute associated with ignition points. deposition and precipitation. We lacked reliable measurements of wet and dry N deposition across the study area, therefore, we compared our calibrated estimates to data from nearby coastal areas in NJ (Gao and others 2007) .
For each land type, the Century extension requires initial estimates of soil carbon and nitrogen. These estimates, along with the suite of edaphic parameters required by the extension were derived from the USDA NRCS soil survey data for the state of New Jersey (NRCS 2011; Table 3 ). For the forested wetlands (ca. 38% of the study areas), base and storm flow fractions were reduced by half to represent the poorer drainage typical of wetland areas.
Dynamic Fire System Extension
We used a moderate resolution map of the fire behavior fuel models (FBFM) developed by Scott and Burgan (2005) as a guide for assigning spread rate parameters for the Dynamic Fire System (DFS) extension. Using equations provided in Scott and Burgan (2005) , we calculated rate of spread (ROS) for the eight FBFMs (out of their original 40) that represented greater than 2% of that landscape. We calculated ROS for each FBFM under the range of wind speeds and the most frequent fine fuel moisture (1-h fuels) values encountered during the fire season in the NJPB based on a combined 15 years of fuel moisture data collected at four separate sites. By comparing distributions of fine fuel moisture with the values presented in Scott and Burgan (2005) , we selected two of the four moisture conditions for matching the eight FBFM models with the DFS models (1-h fuel moisture content 9 and 12%). In all cases, live fuel moisture was set at 120 and 90% for herbaceous and woody fuels, respectively, based on preliminary fire season field measurements.
For each FBFM, we calibrated the DFS equations to achieve the lowest residual standard error of a regression of each FBFM ROS against the corresponding DFS fuel type ROS. For calibration, we altered the three parameters (a, b, and c) that define the shape of the ROS curve and q, which defines the effect of Buildup Index on ROS (Sturtevant and others 2009 ). Though the parameter values were allowed to vary without restriction, we required the FBFM on DFS regression model to have a slope between 0.95 and 1.05 (ensuring equivalence of ROS values) and an intercept of 0 ± 15% of the mean FBFM ROS value (ensuring a relatively small offset in ROS values).
Fire regions were developed using an extensive database of fire occurrence and fire sizes going back to 1929 with complete records from 1991 to 2006, provided by the NJ Forest Fire Service (I. La Puma, unpublished data). Ignition points were interpolated via a kernel density method and classified via unsupervised classification into low, medium and high ignition density areas. In addition, a kernel density interpolation was performed on the fire size associated with each ignition point which was also classified into low, medium, and high fire size areas. Subsequently, these three class layers were combined to form eight fire regions so that fire regions would represent both ignition density and fire size ( Figure 3B ). The high ignition, high fire size category was dropped for lack of ignition data and those data were subsumed into the medium ignition, high fire region. Because fire regions represent both ignition density and fire size density layers, ignition point counts extracted from each fire region and used for modeling were not indicative of ignition densities alone (Table 5 ). The fire occurrence database was also used to generate parameters related to the seasonality of fires in each region.
Fire weather inputs (wind speed, wind direction, fire weather index, and build-up index; see Sturtevant and others 2009) to the DFS were created using standard equations from the Canadian Forest Fire Weather Index System ( Van Wagner 1987) . A 30-year record of meteorological data acquired from the US EPA Exposure Assessment program (www.epa.gov/ceampubl) for the station at Atlantic City, NJ was used to calculate fire weather inputs. Slope and azimuth maps, which aid in ROS calculations, were generated using standard GIS software from a 30 m resolution digital elevation model from the USGS National Elevation Dataset (http://ned.usgs.gov). The Century succession extension and the Dynamic fire extension also interact through a table that describes the combustion fraction of dead wood and surface litter, dependent upon fire severity. We used combustion measurements of 1-h (corresponding to surface litter in the Century extension) and 10-h (corresponding to fine wood) fuels to estimate the combustion fractions (Clark and others 2009a) . These combustion measurements were made for 20 low and mid-severity fires and one severe fire others 2009a, 2010a) . Because the 1-h fuels corresponded directly to surface litter combustion, we needed only to extrapolate to more severe fires (Figure 4 ). However, we had only one measurement for total wood consumption from a high severity fire. Additionally, we had to extrapolate from fine wood to all wood consumption at low fire severities (Figure 4 ).
Dynamic Biomass Fuels Extension
We defined fuel types based on the classification defined by Scott and Burgan (2005) . We used an iterative process to parameterize and calibrate the Dynamic Biomass Fuels extension (Syphard and others 2011) to best match the fuel conditions of the study area. The extension uses a tabular key to assign fuel types based on the tree species and age cohorts that occur at each site. We identified, for each FBFM in our study area, the primary tree species and the range of age cohorts for each species in the fuel type using our initial communities map and our reference plot data and used this information to construct an initial fuels key. We then ran the model for a single 5-year time step and compared the resultant fuels map with an existing FBFM map (John Hom, unpublished data) to identify areas of misclassification. This process was repeated until the modeled fuels best matched the FBFM fuels map. Due to the variety of fuel types and general uniformity of species composition and age structure in the study area, we added a set of parameters that allowed further separation of fuels based on land type. This allowed differentiation between, for example, upland and lowland sites with similar species composition but different fuels conditions.
Management Scenarios
We chose to simulate two management scenarios in addition to a baseline scenario representing contemporary fire management practices. Both scenarios represent potential future fire management regimes in the NJPB based on comments from fire managers and examination of state policy directives in New Jersey. The first management scenario represents an increase in fire management in areas with extensive WUI, especially those areas that are typically downwind from large, continuous forest stands with abundant hazardous fuels (for example, Clark and others 2009a). We identified fire regions with high fire occurrence and/or a large amount of WUI either within the region or adjacent to the region in the prevailing wind direction during fire season. We increased the number of ignitions in these fire regions by 50% to simulate an increase in prescribed fire fuels management in these areas. The second management scenario represents a longer response time to fires in all areas of the NJPB. The purpose of this scenario is to explore the effects of a more liberal burn policy-regardless of the ultimate cause-which would allow fires to burn longer to reduce fuels across the landscape. For this scenario we increased the average fire duration by 50% in all fire regions. Each scenario was replicated five times to evaluate variation due to stochastic fire events and climate. The number of replicates was a necessary compromise between expected stochastic variation and requisite computational time.
RESULTS
Carbon Cycling Calibration and Validation
Our calibration and validation of flux tower NEE data was generally successful (Figure 5 Combining data from all sites for years without disturbance, the model appears to modestly overestimate NEE during summer, although the overall agreement is satisfactory ( Figure 6 ; adjusted r 2 = 0.89; p < 0.001; n = 41). Although calibration required adjustments to N deposition, the end result was within reasonable bounds for expected wet and dry deposition. Simulated N deposition calibration was 2.1 g N m -2 y -1 averaged across all simulations. This compares with the 2.4 g N m -2 y -1 estimated by Gao and others (2007) for the coasts of NJ near Atlantic City.
Dynamic Biomass Fuels Calibration
We compared the final iteration of the dynamic biomass fuels calibration to the FBFM map (Figure 7) . Differences between maps are due to the different inputs used to generate each map and the errors associated with each map. In addition, most species in the Pine Barrens occur in multiple fuel types, which amplified discrepancies within the mixed forest types. The largest differences between Figure 4 . Mean observed fuel combustion for 1-h fuels (needle and leaf litter), 10-h fuels (fine wood), and all wood (10-h and 100-h fuels; n = 1) across a gradient of relative fire severities in the New Jersey Pine Barrens. The standard deviation for 1-h fuels was 0.19 and 0.05 (severities 2 and 3, n = 14 and 6, respectively) and for 10-h fuels was 0.25 and 0.14 (severities 2 and 3, n = 14 and 6). Only a single sample was available for a high severity (5) fire. Estimated fuel consumption fractions (gray or open symbols) represent the combustion values input into the Century succession extension for relative fire severities.
the model output and the FBFM fuels map occurred in the mixed and conifer wetland areas. Fortunately, the mixed and conifer fuel types do not have fast spread rates or large fuel beds, presumably reducing the effects of the differences between the two classifications. Another area of discrepancy is the location and extent of pine plains fuel types (SH9, Figure 7 ).
Dynamic Fire System Calibration
Comparing the FBFM fuel types and fuel types we developed for the Dynamic Fire extension, the ROS for the eight fuel types were similar for the fine fuel moisture contents that occur during the fire season, with an r 2 ranging from 0.67 to 0.93, and root mean square error (RMSE) values ranging from 0.38 to 5.13 m min -1 , or 17 to 28% of the average FBFM ROS (Table 4) . When weighted by the percent of total study area represented by each fuel type, the RMSE was 2.7 m min -1 and the percent of average ROS was 22%. A portion of the error is caused by the ''cap'' on ROS in the FBFM model that is not present in the Dynamic Fire extension ROS algorithms.
Calibration of the fire size and ignitions required trade-offs between accuracy in the number of ignitions and the size of fires (Table 5 ). Across most fire regions, modeled baseline fire sizes were within one standard deviation (calculated from five model replicates) of empirical estimates. Similarly, the modeled number of fire ignitions were typically less than one standard deviation (n = 5 replicates) from empirical estimates. The empirical estimates themselves contain a degree of uncertainty due to the challenges of measuring fire perimeters and actual number of ignitions.
Although a lack of long-term field data makes comparison difficult, our simulated patterns of fuel dynamics were consistent with historical observations. Many more low severity fires and only a few high severity fires occurred. Fire severity also follows the expected behavior, with the magnitude of fire severity generally tracking fuel type (Figure 8) . After a series of moderate severity fires, upland oak and mixed pine-oak forests tend to shift towards a pine-dominated fuel type. Repeated high severity upland fires will tend to result in pinedominated or scrub dominated fuel types, consistent with the pine plains forest stands. Only the most severe simulated fire resulted in the complete loss of tree cover in stands and typically this complete loss of cover is only present in portions of the most severe fire areas (Figure 8) . Over time such areas will be expected to revert to pitch pine and our simulations reflected this dynamic. Moderate The Scott and Burgan (2005) fuel type rate of spread (ROS) was compared to the Dynamic Fire extension ROS from a range of wind speeds and fuel moistures and R 2 and RMSE were calculated by comparing their respective ROS. severity fires within pitch pine stands resulted in little or no change in fuel type, accurately reflecting fuel dynamics observations. Over long periods without disturbance, fuel types appropriately tracked changes in vegetation composition and structure. For example, undisturbed pine stands tended to become mixed pine-oak stands over the length of the simulation. Likewise, upland mixed stands shifted towards oak-dominated stands in the absence of disturbance.
Current Management Scenario
Simulated ANPP and NEE demonstrated a high degree of temporal variability, reflecting their sensitivity to annual variation in climate. Neither upland nor wetland forests have a consistently higher ANPP although the plains are much lower and experience a modest reduction through time (Figure 9A) . Similarly, simulated annual NEE was highly variable over time ( Figure 9B ). The only clear distinction is that the plains generally have a higher NEE (less carbon uptake) and more variable NEE as expected due to slower growth and greater susceptibility to fire. The simulations indicate a modest increase in NEE over time. This is due to the aging of the forests-which are currently similarly aged due to logging at the beginning of the 20th century-and a concomitant increase in detritus and heterotrophic respiration.
Results of the baseline management scenario suggest that overall the upland and wetland forests of the NJPB will continue to accumulate carbon over the next 100 years under current conditions (Figure 10 ). Accumulation will occur within all the major carbon pools: live biomass, soil organic carbon (SOC), and surface detrital pools. Live carbon was similar for the upland and wetland forests, although the wetlands with the highest soil water holding capacity exceed all others after 20 years ( Figure 10A ). Live biomass begins to taper and decline near the end of our simulations, again reflecting senescence of trees that regenerated about a century ago. SOC accrual is a function of detrital inputs and respiration, and change is much less subject to climatic or disturbance variation over time than detrital or live carbon and the relatively constant accrual therein reflects this dynamic (Figure 10C) . In contrast, the pine plains have relatively low and constant carbon pools due to their slow growth rate, frequent fire regime, and low maximum stem and branch biomass. Estimates of carbon storage in the pine plains became increasingly uncertain over time due to their relatively small area and susceptibility to large wildfires. Values are shown as mean with standard deviation in parentheses; n = 5 replicates. Note that the number of ignitions was adjusted for fire region size.
Comparison Among Scenarios
The accumulation of carbon in these systems is the product of continued re-growth of these relatively young forests and reflects the recovery following the intense disturbance regime (harvest and fire) of the 19th and early 20th centuries. On an areal basis, only the pine plains are projected to have significantly less projected carbon under the two management regimes explored than under the control scenario ( Figure 11A ). Our simulations indicate that although wetland and upland forests begin with a similar carbon density, the wetland forests would eventually exceed upland forests.
On a total carbon basis ( Figure 11B, D) , expressed as Tg C, differences due to management activities are negligible except in the pine plains. However, the wetland forests contain less total carbon than upland forests as they are a substantially smaller portion of the landscape. Management remains significant in the plains, although total carbon in the plains represents less than 2% of the total landscape carbon.
DISCUSSION
Our comparison of modeled to empirical flux tower data indicated that the model generally captures the timing and magnitude of NEE in the absence of Gypsy moth defoliation. Model predictions diverge from empirical measurements substantially during periods of defoliation which resulted in substantial reductions in leaf area. Defoliation occurred at the Silas Little and Cedar Bridge towers in 2007 and at the Fort Dix tower in 2006 and 2007 during the peak time of the summer for CO 2 uptake (June 1-July 15th, Clark and others 2010b). In contrast to defoliation by Gypsy moth or pitch pine looper (Lambdina pellucidaria Grote and Robinson), many of the fires in the Pine Barrens occur during the late winter and spring, and thus have less of an impact on peak leaf area during the early summer. In this research, we did not attempt to simulate the shortor long-term effects of insect defoliation.
Our results suggest that changes to forest management practices of the magnitude simulated in our study in the NJPB will have little effect on forest carbon budgets in the immediate future, assuming that climate does not change appreciably. Figure 8 . Example of the interactions between fuel types and fire severity. The area at the center of each image is the pine plains west of Warren Grove, NJ. This fire ignited to the west of the pine plains and burned at low to moderate severity (A; blues and greens) but increased to high severity (B; red) when it entered the more xeric pine plains. The figures C and D on the right show the effects of the same fire on fuels in the area. The low severity portion of the fire resulted in subtle changes in fuel type, if any changes at all. In the high severity area, the fuel type remains the same (pine plains) 5 years after the fire, with some areas showing grass fuels due to extremely severe fire killing all cohorts.
Although there was a significant change in total carbon storage in the pine plains, they represent a small area (<5% of the total landscape). These results build upon our prior research (Scheller and others 2008) , which indicated that forest and fire management may have a small but directional effect on tree species composition.
In so much as our increased prescribed burning ('plus ignitions') scenario represents a modest effort to reduce fire severity, there does not appear to be a large cost in terms of reduced carbon sequestration. The resiliency of upland forests in the NJPB is partially due to epicormic budding of pitch and shortleaf pine, and prolific sprouting of oaks and understory shrubs that occurs following fire, resulting in the rapid recovery of leaf area index (LAI). Because productivity is tightly linked to LAI in these stands (for example, Clark and others 2010b), relatively low intensity fires have little effect on long-term productivity. Similarly, Chiang and others (2008) found no long-term impacts due to thinning or prescribed burning on aboveground carbon in oak forests in Ohio. In contrast, fuel treatments could substantially reduce aboveground carbon in Oregon (Mitchell and others 2009) .
Our simulations suggest that regardless of any minor modifications to existing management practices, the NJPB will continue to accrue carbon over the next 100 years. We hypothesize that this carbon accrual is a result of repeated logging and fires over the past 200 years (Wacker 1979 ) that depleted carbon stocks that are likely to still be recovering in many regions across North America The relative stability of total carbon on the plains ( Figure 11B ) and the slow accumulation in wetland and upland regions ( Figure 11D ) despite recurring fires reflects the adaptation of the native vegetation to fire (Givnish 1981) . Productivity quickly rebounds following fire and the landscape remains forested even after the most severe fires. In addition, forest fragmentation and active fire suppression limits fire spread and fire size (Scheller and others 2008) , not allowing any single fire to release a large amount of carbon under most circumstances (Clark and others 2009b) . Nevertheless, our simulations with replicates demonstrate the large potential variation due to stochastic wildfire events ( Figure 11D ). Previous modeling studies in fireprone systems in northern Minnesota have indicated that such variation is caused almost entirely by wildfires with little variation attributable to succession (Scheller and others 2005; Ravenscroft and others 2010) .
How long carbon accrual would continue beyond the next 100 years was not explored, however, our NEE ( Figure 9B ) and live carbon ( Figure 10A ) estimates suggest that the rate of carbon accrual may begin to slow after 100 years, more so in the upland forests. How long wetland forests will continue to sequester carbon is highly uncertain as there are no flux towers representing wetland forests and there are few reference stands for estimating maximum potential aboveground live biomass and the capacity for wetter soils to continue sequestering carbon. Nevertheless, it appears that a carbon emissions mitigation strategy should protect these forests and their embodied carbon first as they have an overall greater potential for . Each year represented is the average of 5 replicates.
carbon storage due to the long lifespan and potential for Atlantic white cedar to reach large biomass values.
Our simulations, although calibrated and validated to the extent possible, are not a complete exploration of all current processes or future changes. Research is currently being conducted that will incorporate the effects of climate change and Gypsy moth defoliation, a significant defoliator of oak and oak-mixed forests (Johnson and others 2006) . Climate change could serve as a significant trigger that alters the successional dynamics, the fire regime, and the rate of Gypsy moth defoliation (Logan and others 2007; Kurz and other 2008) . Although apparently a conservative system, we cannot rule out the potential for large changes in total ecosystem carbon under insect defoliation or climate change and the interactive effects of defoliation, climate change, and fire are only poorly known at this time. Finally, our simulations are limited by the available data for parameterizing the model. This is particularly notable in our initial soil organic carbon estimates, which are based on limited samples extrapolated across broad scales and subsequently averaged by land type.
Part of the difficulty in accounting for carbon emissions from forest management is the challenge of properly tracking all natural carbon components (for example, photosynthesis, respiration). We expand on recent studies that examine the longerterm implications of management on carbon (Chiang and others 2008; Hurteau and North 2009) by explicitly considering treatment and fire effects on soil carbon. Recent studies have highlighted additional components of the carbon cycle that are frequently overlooked including understory vegetation dynamics (Campbell and others 2007) and the offsetting of carbon emissions during fuel treatments (Finkral and Evans 2008) .
CONCLUSIONS
Our results indicate that carbon in the NJPB is likely still recovering from extensive disturbances prior to the current era of fire suppression and minimal logging. Carbon will continue to steadily accrue over the next 100 years despite an active Figure 10 . Carbon pools (g C m -2 ) for seven land types assuming current management continues in the NJ Pine Barrens: A live carbon, including leaves/needles, wood, roots; B detrital carbon, including fine and coarse litter, and dead roots; C soil organic carbon, including all remaining carbon pools. fire regime and fire management activities. The system is generally resilient to these more limited perturbations, partly due to the functional traits of the dominant vegetation. Ongoing research that will consider projected climate changes and insect defoliation will further elucidate disturbance effects on ecosystem carbon and overall ecosystem resilience.
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